ABSTRACT: Charge transport in two zinc metal-organic frameworks (MOFs) has been investigated using periodic semiempirical molecular orbital calculations with the AM1* Hamiltonian. Restricted Hartree-Fock calculations underestimate the band gap (Koopmans
INTRODUCTION
Metal organic frameworks (MOFs) consist of organic ligands and metal clusters connected by chemical bonds. Due to symmetry constraints governing the connectivity of these building blocks, highly porous and crystalline materials are obtained. In combination with high electrical conductivity, MOFs are an interesting case of lightweight yet electrically conducting materials. 1 In this context, MOF-74 is an intriguing framework topology consisting of metal ions (M=Mg, Mn, Fe, Co, Ni, Cu, Zn) connected via phenolate groups of the organic ligand (DOBDC4, 2,5-dihydroxybenzene-1,4-dicarboxylate) forming infinite metal oxide(-M-O-) columns that serve as paths for charge-carrier transport. 2, 3, 4, 5, 6, 7, 8, 9 Hopping charge transport has been suggested for the MOF-74 analogs based on band-structure calculations that show narrow valence and conduction bands. Another beneficial property of these frameworks is the exact positioning of the organic ligands as ordered stacks, yielding an open hexagonally shaped pore and hence allowing for the incorporation of electronically complementary molecules into the pore voids for efficient charge separation. In addition, employing photoactive or semiconducting segments as the organic ligands can provide additional possible charge-transfer and -transport routes. 10 Currently, MOF-74
analogs connected via phenolate groups show rather low electrical conductivity in the range of 10 −11 -10 −13 S cm −1 with iron as an exceptional case that exhibits electrical conductivity of 10 −6 S cm −1 . 11 Therefore, studying the possible charge-transport paths and their relation to the organic ligands in these frameworks can help design MOFs that exhibit high electrical conductivity while remaining porous and crystalline. We now present a proof-of-principle study to test the use of large-scale semiempirical molecular orbital (MO) calculations and local properties derived from them to simulate charge transport in zinc MOF74.
THEORY
MOFs are "soft" crystals, in which disorder may exist; lattice librations are larger than in conventional crystals and enclosed solvent molecules may be very mobile. The MOF structures constructed as described in the Methods section were therefore subjected to equilibration using classical molecular dynamics (MD) and snapshots from the equilibrated phase of the simulations were used for further calculations.
Periodic AM1* 12,13 semiempirical molecular orbital (MO) wavefunctions were used as the basis for calculating local ionization energies 14, 15 and local electron affinities. 15, 16 These local properties have been used successfully as external potentials for charge-transport using norm-conserving propagation in imaginary time 17 and multi-agent Monte-Carlo 18 techniques, respectively.
Propagation of the hole-or excess electron density in imaginary time uses the energy loss in imaginary-time propagation as a surrogate for vibrational and other coupling losses. 17 It has been used in this work in conjunction with a path-search that uses the neighboring cubic layer of lattice 
RESULTS

Molecular-dynamics simulations
The classical geometry optimizations and MD simulations show that the simulated systems are stable. Cell dimensions and atom positions of the organic linkers, the -O-Zn-O-network and dimethyl-formamide (DMF) ligands hardly change after geometry optimization and equilibration.
The water molecules rotate continuously but only rarely swap positions. "Soft" parameters such as the inter-stack distances oscillate within a restricted range. The anthracene moieties in the bridging ligands are more electroactive (have a lower ionization potential and higher electron affinity than the phenyl linkers) and therefore begin to play a role in developing conjugation between the metal stacks. In particular, the side view shows that, in certain geometrical arrangements that are accessible in the simulations, distinct inter-stack conjugation over stacks of two anthracene units can occur. This picture suggests that increasing the electron affinity of the linker even more might result in an alternative electron-transport path geometrically distinct from that for hole-conduction. 
Local-property maps
Charge propagation simulations: Mobilities
Mobility values given by the imaginary time technique are neither comparable between different systems (MOF74 and ANMOF74), nor between hole-and electron conductance. We therefore zdirection for each system, as shown in Table 1 . The differentiation between the z-and x-directions is almost non-existent for zinc-MOF74, which suggests that the calculated mobilities are not reliable. Zinc-ANMOF74, however, shows a clearer preference for the z-direction. Clearly, calculation of mobilities within the virtual-time propagation technique must be improved.
Charge propagation simulations: Conductance paths
Conductance paths were extracted from the simulation trajectories using a simple search in which lattice points can only be visited once and each move takes place to the energetically lowest neighbor. The results for the simulations in the three Cartesian directions are shown in Figure 7 .
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The expected paths in the z-direction (top) follow the ZnO-stacks closely, although the hole-path occasionally deviates in the perpendicular direction. The (less favorable) paths in the y-and xdirections (bottom left and right, respectively) differ fairly strongly from each other. The electronpath follows the framework of the linkers closely, whereas the hole-path makes use of especially the coordinated DMF molecules.
The situation is different for zinc-ANMOF74, as shown in Figure 8 . The linking anthracene linkers play a far more active role in the conductance paths, particularly for hole-conductance, than the phenyl linkers in zinc-MOF74. Once again, hole-conductance follows the molecular network closely, whereas hole-conductance also involves the coordinated DMF molecules and often runs parallel to the network linkages. This can be seen particularly clearly for hole-conductance in the 
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x-direction, which proceeds almost in straight lines between the ZnO columns, whereas electronconduction paths zigzag with the MOF framework.
METHODS
The structure of MOF-74 was first constructed from .cif files based on experimental results. four unit cells of each. The UFF force field 20 with AM1 21, 22 Coulson charges was used for the classical molecular dynamics (MD) simulations. System preparation was performed using slightly modified tools developed by Boyd et al. 23, 24 A cutoff of 10 Å was used for the nonbonding interactions; Coulomb interactions beyond this distance were treated using a particle-particle Ewald approach. 25, 26 After initial geometry optimization, the system was equilibrated for 11 ns (1 ns heat-up using a Langevin thermostat in the NVE ensemble and 10 ns NVT (Nosé-Hoover thermostat) simulation, 1 fs timestep, 298 K) using LAMMPS version 12 Dec 2018. 27, 28 Snapshots taken from the following 40 ns of the NVT simulations were used for further processing.
Visualization was performed using Vipster v1.17b 29 and VMD 1.9.3.
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Semiempirical MO-calculations using the AM1* 12, 13 Hamiltonian within the restricted HartreeFock formalism were carried out using the cluster version of EMPIRE. 32, 33, 34 No local approximations were used. AM1* differs from other common semiempirical Hamiltonians in that it includes an occupied 3d-shell of electrons on Zn, rather than including it in the frozen core. Propagation of the hole-or electron density in imaginary time used an in-house program, 17 as did the conversion of the results into conductance paths. Simulations of charge-transport in the 13 different Cartesian directions were performed by applying a bias in the appropriate direction to the external potential, as described in reference 17.
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